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Abstract—Development of techniques for measurement of
aural acoustic immittance (AAI) is reviewed. Measurement
characteristics of selected AAI instruments are compared.
Real-ear data obtained with a digital instrument are presented.
Review of data support the suggestion that digital AAI
instruments promote development of quantitative measurement
protocols with greater efficiency and power.

INTRODUCTION

Clinical evaluation of the human middle ear includes
measurement of aural acoustic immittance (AAI). Note
that immittance refers to impedance (Z) or its reciprocal,
admittance (Y). “Aural” indicates measurement in the
human ear canal represented by the subscript “a” (Z,, Y,)
(13). This noninvasive procedure involves presentation
of a “probe” tone, usually 226 Hz, to the ear through a
probe tube sealed hermetically into the opening of the ear
canal. Probe tone level is expressed as an acoustic
immittance quantity. (Note that throughout this paper, the
immittance quantity is admittance unless stated oth-
erwise.) Acoustic immittance in the plane of the probe tip
affects probe tone level, allowing measurement by the
acoustic-immittance instrument. Two clinical measures
of aural acoustic immittance are tympanometry and the
acoustic reflex response. In tympanometry, a record of
AAI (“tympanogram”), obtained as air pressure in the
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ear canal, varies systematically above and below ambient
air pressure. [Air pressure systems in aural acoustic-
immittance instruments have ranges as wide as — 600 to
+400 dekapascals (daPa). The pascal is the SI pressure
unit (11); 1.0 daPa = 1.02 mm H20.]

Estimates of the magnitude of AAI and of the air
pressure in the middle ear are commonly derived from
the tympanogram. Comparison of these estimates to
normative values aid identification of abnormal middle
ear conditions. The acoustic reflex response is a record of
AAI as the muscles in the middle ear are contracted by
presenting relatively intense acoustic, or certain non-
acoustic signals, to either ear. (The middle ear or
“acoustic” muscle reflex to sound is bilateral. This
allows monitoring of muscle contraction in one ear
during the time a stimulus or “activator” is presented to
the other ear.) Stapedius muscle contraction stiffens the
middle ear system, decreasing the admittance of the ear.
Absence of the acoustic-reflex response, the signal level
required to elicit a threshold response as a function of
signal spectrum, and the morphology of the response are
useful in diagnosis of pathologies that affect the middle
ear and portions of the seventh and eighth cranial nerves,
and in objective prediction of presence or amount of
hearing loss. As a result, measurement of AAI is a
routine component of hearing evaluations.

* “Technical Notes” are published in the Journal as a means of
exchanging information concerning an investigator’s use of a particu-
lar scientific instrumentation or procedure, which might further the
course of research. While these original notes are subject to peer
review and represent an important contribution to the research
literature, they lack controlled comparison studies and are thus
different from “scientific articles.”
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Vector relationships for aural acoustic immittance. Right panel: acoustic impedance (Z,), the complex sum of acoustic reactance
(X, = X,m— X, and acoustic resistance (R,). Left panel: acoustic admittance (Y,), the complex sum of acoustic susceptance (B, = By, — Bam)

and acoustic conductance (C,).

PRINCIPLES OF AURAL
ACOUSTIC IMMITTANCE

Adequate descriptions or derivations of acoustic impe-
dance and admittance have been outlined elsewhere
le.g., (8,31)]. After a brief review, this discussion is
oriented to the measurement of acoustic immittance in
the ear.

Acoustic impedance (Z,) is the vector or complex sum
of acoustic reactance (X,) and acoustic resistance (R,)
(Fig. 1). The unit of measurement is the acoustic ohm
(Pars/m®). Acoustic admittance (Y,), the reciprocal of
impedance, is composed of acoustic susceptance (B,) and
acoustic conductance (G,). The unit of measurement is
the acoustic mho (m*/Pas). [“Siemen” is the term for
admittance in SI units (11); 10.0 acoustic nanoSiemens
(nS) = 1.0 acoustic millimho (mmho).] Admittance
quantities are shown (Fig. 1) along with the mathematical
relationships between them and impedance.

The middle ear system (tympanic membrane and
ossicular chain) partially matches the characteristic im-
mittance of air in the ear canal to the input immittance of
the cochlea (see ref. 39). Acoustic immittance measured
at the probe tip in an ear canal is composed of the
immittance of air in the canal between probe tip and
tympanic membrane, the immittance of the middle ear,
and the transformed input immittance of the cochlea. The
latter term is essentially resistive and represents the

cochlear input immittance divided by the middle ear
pressure gain. Measures of aural acoustic immittance, a
combination of middle ear immittance and transformed
cochlear immittance, must be corrected to the plane of
the tympanic membrane by removing the immittance of
the air in the ear canal.

An estimate of acoustic immittance of air in the ear
canal is obtained by measuring immittance at the en-
trance to the canal as the tympanic membrane is stiffened
by reducing ear canal air pressure to at least —400 daPa
(28). The admittance at the tympanic membrane is then
small with respect to the admittance of air in the ear
canal, making the admittance measured at the probe tip
relatively free of the influence of the middle ear (13, 25).
Correction to the plane of the tympanic membrane for
acoustic admittance at low frequencies (e.g., 226 Hz) is

th = Ypmbe - Yec “]

where Yin, Yprobes and Y. are admittances at the
tympanic membrane, at the probe tip, and of air in the ear
canal between probe tip and tympanic membrane, re-
spectively (31). The correction for acoustic impedance,
because the impedances of the air and at the tympanic
membrane are in parallel, is

Ztm = (Zec*zprobe)/(zec - mehc) 12]

where Zn, Zeana» and Zp. . are impedances at the
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tympanic membrane, of the air in the ear canal, and at the
probe tip, respectively (14). Presently, it is not possible to
separate the middle ear immittance from the transformed
cochlear immittance. However, this is not a serious
problem, since the middle ear immittance dominates
measures made in the ear canal.

Aural acoustic immittance is frequency dependent.
The frequency at which impedance is minimum, or
admittance maximum, is the resonance frequency (fy)
about 675 Hz in normal middle ears (5). At this
frequency, the immittance is composed mostly of the
nonreactive component and energy flow is maximum.
The middle ear system is stiffness reactance—dominated
for frequencies below f, and mass reactance~dominated
for frequencies above f,. Therefore, for the most com-
mon probe-tone frequency, 226 Hz, the immittance of a
normal middle ear is stiffness reactance—dominated. For
higher frequency probe tones, and in the presence of
certain middle ear pathologies, the mass reactance of the
middle ear becomes increasingly significant, and accu-
rate immitance measurement requires an instrument
capable of measuring complex immittance. The reader is

referred to Popelka (23) for a recent review of clinical
measurement of aural acoustic immittance.

EVOLUTION OF
MEASUREMENT TECHNIQUES

Early measurements of acoustic immittance of the ear
were made with a mechanoacoustic bridge (19) which
was essentially an acoustic analog of the Wheatstone
bridge. This device was modified by Zwislocki (37, 38)
for measurement of aural acoustic resistance and react-
ance with probe tones through about 1500 Hz, and
produced by Grason-Stadler Corporation as the “Zwis-
locki acoustic bridge.” The instrument was a valuable
research tool, providing some of the first reliable
estimates of acoustic impedance in both normal and
pathological ears (41). Clinical use of the instrument was
precluded by the excessive time required for obtaining
measures and certain procedural limitations (40). Later
methods were based on probe-tube systems (20, “35, 36),
consisting of two electroacoustic transducers terminated
by short tubes inserted through an earmold. This “probe
assembly” was sealed securely in the ear canal. One
transducer (speaker or “driver”) emitted a low-frequency
tone that was monitored with the other transducer
(microphone). Sound pressure level produced by a
speaker in the ear canal is directly proportional to the
impedance of the ear (Z,. + Z,,) and analogous to the
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FIGURE 2

Digital instrument (Micro Audiometrics Corp., MAL.1) for measure-
ment of aural acoustic immittance. Probe assembly may be hand-held
or mounted on headband.

voltage driving the speaker. Acoustic impedance there-
fore could be estimated from the speaker driving voltage.
Around the same time, a similar probe assembly was
developed for measurement of the pressure difference
across the eardrum (30). These two systems, used to
determine aural acoustic impedance and middle ear
pressure, were eventually incorporated into a single
assembly with three tubes. The composite system was
developed and sold by a number of manufacturers in the
late 1960°s and 1970’s. These instruments were used
manually or with analog recording devices for measure-
ment of acoustic immittance in the ear canal, for
estimation of air pressure in the middle ear, and for
recording the acoustic reflex response.

Several manufacturers have added microprocessors to
AAI instruments (1) that perform a select number of
“screening” measures more efficiently than analog in-
struments. However, this advance has not been accompa-
nied by a consistent approach to derivation and computa-
tion of basic quantities. Although AAI instruments
measure electrical quantities proportional to impedance
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or admittance, most instruments convert the measures to
other units. One common conversion is to volume (ml?)
of a hard-walled cavity that would yield the same
acoustic characteristics (primarily acoustic compliance,
C,), or to units of compliance that air in the cavity would
have under standard atmospheric conditions (23). This
approach was a logical extension of the use of air-filled,
hard-walled cavities for calibration of acoustic-immit-
tance instruments (28). However, there are at least four
problems with this measurement unit: /) some instru-
ments use C, without an absolute reference, which
provides “relative” measures; 2) the magnitude of C,,
which is negligible in a hard-walled cavity, may be
significant in ear canal measurements; 3) reporting only
one component of the complex immittance results in lost
information (40), especially for high-frequency probe
tones; and 4) the relative contribution of acoustic
compliance to acoustic immittance varies with probe-
tone frequency and middle ear pathology. Considerable
variance exists among commercial instruments in choice
of immittance analogy, use of quantitative units, form
and display of the tympanogram, and paradigms for
acquisition and display of acoustic reflex responses.
Standardization of these features would benefit the
current phase of development in aural acoustic immit-
tance, which is an expansion and improvement of
measurement procedures.

NEED FOR STANDARDIZED
QUANTITATIVE PROTOCOLS

There have been a number of published schemes for
measurement, derivation, and calculation of aural acous-
tic immittance. Clinical applications, however, have been
largely qualitative, e.g., association of tympanogram
shape with specific middle ear conditions. Several
investigators have recommended a more quantitative
approach to measurement (7, 17, 21) and, in fact, basic
research on measurement procedures has been conducted
(e.g., refs. 7, 10, 18, 28). Recent research has shown,
for example, that measurement of both components of
the complex immittance (6, 32, 33) and the use of probe
tones above 226 Hz (16, 27) holds considerable promise
for additional clinical applications of tympanometry.

Procedural inconsistencies are especially evident in
measurement and application of the acoustic reflex
response. There is no standard clinical protocol, although
rough estimates of amplitude or adaptation may be
obtained in routine audiological evaluations. An efficient
approach would include (automated) multiple measures
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of acoustic reflex characteristics (e.g., amplitude, laten-
cies, time constants) from single reflex responses
(3, 4, 26). This approach has impressive potential for
clinical development, but it is not yet supported by the
capacities of acoustic immittance instruments. For exam-
ple, Borg’s protocol (2) for measurement of the acoustic
reflex’s temporal characteristics cannot be accomplished
due to the temporal constraints of most instruments (22),
or lack of data-processing capability. To complicate the
problem, clinicians unaware of instrument limitations
may attempt to correct temporal measures of the acoustic
reflex with mathematical techniques which, at best,
introduce a new source of variance into the data. The role
of instrumentation in the development of improved
measurement approaches was summed up recently by
Silverman, Silman and Miller (29, p. 254), who stated
.. .further refinement of. .. techniques such as com-
puter-based digitization of the acoustic impedance. ..
may sensitize... methods... [of analysis of AAI
data].”

MERITS OF DIGITAL MEASUREMENT OF AAI

Aural acoustic-immittance (AAI) instruments present-
ly do not provide sufficient support for development or
expansion of quantitative measurement procedures. Most
instruments measure one component of the complex
acoustic immittance, are calibrated in arbitrary units of
equivalent volume, and have one probe-tone frequency.
At the same time, more complex instruments may require
digitization of analog data and automated processing to
maintain efficiency. However, this approach is not
clinically feasible and does not take advantage of
available technology. Presently, the most promising solu-
tion is a versatile, digital instrument programmed by an
external computer to control all aspects of measurement.
Acquisition, storage, and analysis of AAI data, including
complex immittance, could be rapid and routine. Adop-
tion and alteration of quantitative procedures could be
encouraged through the distribution of software. These
considerations, and those discussed earlier (standardized
protocols), emphasize the need for AAI instruments that
meet stringent design criteria, support the complete array
of available acoustic-immittance measures, and are suffi-
ciently flexible to facilitate change in the mode of
operation. Presently, the extent to which acoustic-
immittance instruments meet such requirements varies
considerably among manufacturers (1).

There are at least four major advantages in measuring
AAI with a computer-controlled digital instrument:
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Measurement. Procedures could be developed to pro-
vide the quantitative power necessary for standardiza-
tion, and automated to reduce operator error and instru-
ment-related sources of variability. Control of data
acquisition and processing by host computer software
would reduce the responsibility of the operator during
data collection so that attention could be focused on data
assessment.

Flexibility. Measurement protocols would provide a
“nienu” selection of test routines, units of measurement,
etc. Modification of procedures or incorporation of new
standards could be accomplished by upgrading software
rather than redesigning entire systems.

User Skill/Training. Control software would be devel-
oped by programmers and evaluated by users experi-
enced in AAI measurement. Users of the system would
not be required to learn computer programming or a great
deal of theory of operation in order to use the AAI
instrument effectively. Training could be oriented, there-
fore, toward clinical applications of quantitative immit-
tance measures.

Cost. A computer-controlled instrument should not
require an expensive host computer for control and
communication functions. Minimal hardware require-
ments for the host computer include a standard serial port
(9600 baud or higher to minimize data transfer time), at
least one disk drive (two facilitate formatting and
copying disks), sufficient memory (256 KB) to run
applications programs, a monochrome monitor with
graphics controller, and a graphics printer. Desirable
options include a hard-disk mass storage system, a digital
multi-pen plotter, color graphics capability, and addi-
tional memory for electronic “disk drive(s).”

An additional benefit of the digital approach is the
potential development of standardized quantitative pro-
cedures, since calibration and measurement protocols
would no longer act as deterrents to improved, more
complex, clinical analysis.

IMPLEMENTATION

The digital instrument (Micro Audiometrics Corp. 1.1,
“MAI1.17) used in the Audiology Research Program is a
computer peripheral device that communicates with a
host computer (International Business Machines, Person-
al Computer) via RS-232C serial port. The system
supports interactive exchange of operational commands,
parameter values, and AAI data. (Extended capability
and enhanced performance were added to the MAT. 1 asa
result of collaboration between the authors and Micro

Audiometrics Corporation.) Simple screening of AAl can
be accomplished with a minimum of software develop-
ment (host computer). The system has the capacity to
implement sophisticated data acquisition and analysis.

The MA1.1 is housed in a metal case containing the
circuit board, pressure pumps, electromanometer, power
supply, and connectors. The probe assembly is housed in
a plastic case containing the probe speaker, a speaker for
the presentation of acoustic signals for eliciting the
ipsilateral acoustic reflex, a connector for the contralater-
al earphone, and acoustical filtering for the pressure
system (Fig. 2). An earphone (Telephonics TDH-39) with
cushion (MX-41/AR) is included for the presentation of
acoustic signals for eliciting the contralateral acoustic
reflex.

Adjustment of air pressure in the ear canal, generation
of the probe tone and the acoustic reflex activating
signal, and parameters of acoustic immittance measure-
ment are under microprocessor control. Internal pro-
gramming consists of routines for automatic control/
monitor functions and 17 commands called from a host
computer. Any of the 128 internal parameter values can
be changed under program control. The host computer
issues commands, queries the digital AAI instrument on
configuration parameters, and transfers data from (or to)
the peripheral device.

The digital instrument’s monitor program executes the
basic functions expected of a general-purpose AAI
instrument. The monitor program and calibration con-
stants are loaded from EPROM into RAM at power-up.
After initialization of default operation parameters, the
program waits for commands from the host computer.
The default parameter array includes +256 daPa of air
pressure for tympanometry, 4.0 cc (equivalent volume)
for full-scale range of acoustic immittance, and a 1.0
second duration for acoustic signals used to activate the
contralateral acoustic reflex.

The MA1.1 uses an 8-bit microprocessor and both 8-
and 12-bit data converters. Measures requiring good
resolution and wide range are done with 12-bit conver-
ters. Where possible, 8-bit converters are used in
conjunction with unique measurement schemes (see
discussion of “auto-zero” commands below) to provide
sufficient measurement resolution over a restricted range.
Data are transferred to the host computer as integer
engineering units (EU) which can be converted to
immittance, pressure, or time units.

The probe tone is synthesized by 12-bit DA conversion
of a stepped waveform (eight sequential steps per cycle at
0,0.707, 1, 0.707, 0, —0.707, —1, and —0.707 times
peak value) followed by low-pass filtering. Probe-tone
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acoustic immittance mmstruments.

frequency is determined by dividing the probe system
clock rate (384 kHz) by a 16-bit parameter value (e.g.,
1699 for a 226.015 Hz probe tone). The probe-tone level
in the ear canal is maintained by sampling SPL at the
probe tip, comparing it to a reference value, and
adjusting the driving voltage to the probe speaker to the
software-specified reference value, 70 to 85 dB SPL,
depending on probe-tone frequency.

The headband adaptor contains a 2-ml hard-walled
calibration cavity. The system is calibrated by /) blocking
the probe tip and issuing the “auto-zero magnitude”
command, then 2) placing the probe tip in the calibration
cavity and issuing a “calibrate-in-cavity” command
followed by an “auto-zero angle” command. The “auto-
zero magnitude” command references measurements to
the probe tip by determining the admittance of the air
volume in the probe assembly and subtracting it from
subsequent measures. The “calibrate-in-cavity” com-
mand performs automatic magnitude calibration by com-
paring the probe level to that expected for a calibration
cavity of a known volume. The MA1.1 measures SPL in
the coupler, compares this value to a “correct” value in
EU and adjusts a constant to achieve calibration. This
process is essentially the digital counterpart of an
automatic level control system. The “auto-zero angle”
command establishes a reference for phase angle by
determining the angle offset that yields 90 degrees in the
coupler. The assumption of an exact 90-degree phase
shift in the hard-walled coupler introduces an acceptably
small error in phase angle measurement in exchange for
simple, inexpensive calibration. The instrument then
measures shifts in the angle. The actual angle is
computed by adding the shifts to the reference angle.
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Resolution of angle measurement is programmable from
+0.053 degrees/EU (£6.78 degrees) to 1.695 degrees/
EU (£216.97 degrees).

The instrument determines the acoustic-immittance
magnitude from the probe driver voltage necessary to
maintain the reference SPL in the ear canal. Immittance
phase angle is determined by measuring elapsed time
between a zero crossing of the synthesized probe tone
and a corresponding zero crossing of the acoustic signal
measured at the probe tip. The current version of our host
computer software converts magnitude and phase angle
EU’s to Y, in acoustic millimhos and phase angle in
degrees. Acoustic conductance, susceptance, resistance,
reactance, and impedance and phase angle then can be
computed.

Air pressure is controlled by two pumps. One pump
provides positive (greater-than-ambient) and the other
negative (less-than-ambient) pressure. The pumps are
controlled by a pulse-width modulation system which
varies the percentage on-time of the pump power supply.
Air pressure in the ear canal is measured with an electro-
manometer and delivered to a digitally implemented
system analogous to a critically damped analog feedback
system. The system can adjust and maintain static values
of air pressure or sweep pressure between any two values
by changing the appropriate register contents. As with
phasor magnitude and angle, host computer software
converts pressure values in EU’s to daPa. Resolution of
pressure setting is programmable from 0.0625 daPa/EU
(16 daPa full-scale) to 4.0 daPa/EU (1048 daPa full-scale).

Similar to probe tones, tones for activating the
acoustic reflex are generated by DA conversion. Broad-
band noise is provided by a separate digital generator.
Internal calibration is included for contralateral or ipsila-
teral signal output levels in either SPL or in the hearing
threshold level (HTL) for audiometric testing. Calibra-
tion constants stored in EPROM are used to “fine-tune”
output levels produced by the contralateral earphone in a
6.0 ml coupler (Bruel and Kjaer 4152) and by the
ipsilateral earphone in a 2.0 ml coupler (Bruel and Kjaer
DBO0138). Recalibration or use of a different coupler
requires new values to be loaded.

CURRENT STATUS

The MAI1.1 requires the extensive development of
software for the host computer as well as measurement
validation. Major categories of software include transfer
of commands and acoustic-immittance data between the
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digital instrument and its host, graphic data display, data
reduction, data storage, and report format on printer or
plotter. Clinical applications require development of
software optimized for standard measurement protocols.
This software must be user-oriented (“friendly”) and
menu-driven, so that it can be used with minimal
computer experience. Ideally, the software should be fast
enough to run in real time so that collection of data,
analysis, and reporting can be accomplished within a
scheduled clinical evaluation. This requirement will
necessitate the use of a programming language that
produces compact, efficient, and fast object code. The
evaluation of optimal programming strategies and run-
time environment is currently underway.

OPERATIONAL ASSESSMENT
OF DIGITAL AAI INSTRUMENT

Data from the digital instrument (MA1.1) were com-
pared to data from an analog instrument (Grason-Stadler
1720; “GS17207) used in previous research and a hybrid
instrument (Grason-Stadler 1723 Version II; “GS1723-
VIla”; the “a” distinguishes this instrument from a
second GS1723-VII used later) which was used for
clinical purposes. (It is interesting to note that the
GS1720 was the only commercial instrument available in
the 1970’s for measuring complex acoustic immittance.
Although no longer produced by the Grason-Stadler
Corporation, many of these instruments are still in use.)
“Hybrid” denotes instruments that use a combination of
digital switching and conventional analog measurement
techniques. Coupler measures of acoustic immittance

and air pressure were compared to predicted values. Real
ear measures were made with the digital instrument to
illustrate its display and data reduction capabilities.

Air pressure

For static measurements, analog instruments were
adjusted manually to static pressures (25.0 daPa incre-
ments) indicated by their meters. The digital instrument,
or MA1.1, was set to static pressures (32 daPa incre-
ments) by command. Pressure range was + 400 daPa to
— 600 daPa (GS1723-VIla), to —500 daPa (MA1.1), or
to —400 daPa (GS1720). Actual pressure was measured
in a 2 ml hard-walled coupler (syringe) using an
electronic manometer (Setra 339H) interfaced to a
computer (Tektronix 4052A) (Fig. 3). Deviations from
selected pressure were within + 1 daPa for the MA1.1,
+5 daPa for the GS1723-VIla, and = 10 daPa for the
GS1720. Larger errors for the latter two instruments were
expected since discrete pressure settings were achieved
by adjusting dials while watching meter displays, both of
which introduce additional sources of error into measure-
ments.

Dynamic pressure change also was measured in the 2
ml coupler for the same pressure range. Representative
pressure samples were taken from the electronic mano-
meter at the rate of 1/s as pressure was swept in each
direction. Results for negative to positive (a) and positive
to negative (b) pressure sweeps, respectively, are shown
(Fig. 4). Since the three instruments had different
pressure limits, average sweep rates were calculated for
the range +300 daPa. The digital instrument was
programmed to use a sweep rate of 16 daPa/s, the
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Errors in static acoustic immittance measured in coupler for three
aural acoustic immittance instruments. Data for MAT.1 were correct-
ed by control software. Data for GS1720 and GS1723 were direct
from the instruments.

GS1720 was adjusted to produce a similar rate, and the
GS1723-VIla was set for a “slow” rate of sweep
(12.5 daPa/s). Curves in both figures were superimposed
at 0 daPa to facilitate comparison among instruments.
For the positive to negative sweep (Fig. 4A), the MA1.1
and GS1723-Vlla yielded nearly linear pressure/time
functions with slopes of 15.6 and 12.5 daPa/s, respec-
tively. The GS1720 pressure sweep was monotonically
decreasing with an overall rate of 16.2 daPa/s. For the
positive to negative pressure sweep (Fig. 4B), MA1.1
and GS1723-VIla functions were approximately linear
with slopes of —15.8 and —12.5 daPa/s, respectively,
and the GS1720 had a monotonically decreasing function
with a rate of —13.6 daPa/s.

Static aural acoustic admittance

Instruments were calibrated according to specifica-
tions using the couplers provided by their manufacturers.
Static acoustic admittance measures for each instrument
were made in a hard-walled plastic syringe as volume
was varied in 0.2 ml steps from 0.4 to 5.0 ml (Fig. 5).
The GS1720 and GS1723-Vlla data, taken directly from
the instruments, include internal correction for linearity.

The MAL1.1 data were arithmetically corrected for linear-*

ity by the host computer software. A more accurate
correction could be obtained by using a correction matrix
at the expense of data reduction speed. All three
instruments had accuracy within +5 percent over cavity
volume range from 1.0 to 5.0 ml. Errors tended to be
larger below this range. The nominal 5.0 ml calibration
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cavity supplied with the GS1720 was actually 5.1 m, so
admittance measures made with this instrument tended to
underestimate volumes in the experimental coupler. Post-
hoc correction of the MAI1.1 data allows individual
linearity correction via the host computer for any probe-
tone frequency within the range of the instrument (226—
678 Hz).

Dynamic aural acoustic admittance

Temporal characteristics of measurement systems were
obtained from a GS1720, an MAI1.l and four other
instruments: two Grason-Stadler 1723 Version I's
(GS1723-Vla and GS1723-VIb), a second Grason-
Stadler 1723 Version I (GS1723-Vllb; because the
original GS1723 Vlla, was no longer available), and a
Micro Audiometrics 1.2 (MA1.2). The latter instrument
is the commercial version of our prototype instrument
(MA1.1). The two models are functionally equivalent for
measurements described in this section.

The measurement technique was similar to that sug-
gested by Popelka and Dubno (15). The probe tip of each
instrument was sealed in a plastic syringe (2.0 cc) and was
fitted with a microphone (Knowles XL-9073) and a
speaker (Bruel and Kjaer HT0003). The signal (probe
tone) sampled by the monitor microphone was amplified,
attenuated, and delivered to the speaker through an
electronic switch (Coulbourn Systems). This allowed
generation of a rapid (<1 ms) change in coupler SPL
after the switch was triggered, which was adjusted to a
level that simulated a change in acoustic admittance of
0.2 ac. mmho. The temporal response of each instru-
ment’s measurement system was recorded as “admitt-
ance” was decreased from 2.0 to 1.8 ac. mmho for |
second, then increased to 2.0 ac. mmho. Measurements
of the GS1723’s (220 Hz probe tone) were taken /) from
pin 6 of Ul3 on the mux noise board (mux bd;
“electrical” response), and 2) from point WT 11 of the
meter driver circuit (WT 11; “meter” response). (Tem-
poral characteristics of the GS1723 vary considerably as
a function of point in the instrument at which measures
are made.) The first measurement point was selected
because it is common to both versions of the GS1723 and
allows comparison of temporal response differences
between Version | and Version II instruments. However,
this point follows the AGC and the probe-tone filters in
the circuit, yielding longer time constants than would be
obtained from points measured “earlier” in the signal
path. [It is interesting to note that Grason-Stadler offers
an “acoustic reflex latency test” (ARLT) retrofit option
which yields shorter time constants (e.g., Li=40 ms and
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FIGURE 6

Temporal responses of four conventional aural acoustic immittance instruments to a simulated change in acoustic admittance of —0.2 ac. mmho
for 1 s. Top end bottom panels are meter responses and electrical responses, respectively. Thin solid lines superimposed on responses indicate

change in simulated admittance.

tr=100 ms) than those reported (34)]. Measurements of
the GS1720 (220 Hz probe tone) were taken from the
susceptance output, rectified and low-pass filtered at 20
Hz (Marin Scientific Instruments, custom design).
Responses of the GS1720 and GS1723’s to the
simulated admittance shift were digitized at 500 sam-
ples/s and recorded using a digital oscilloscope (Nicolet
4094). Data from the MA1.1 and MA1.2 (226 Hz probe
tone) were obtained from the instruments at sample rates

of 226, 113, 56.5, and 28.2 samples/s (“nsam” register
values 4, 8, 16, and 32, respectively). All data, from the
digital oscilloscope and the digital AAI instruments,
were transmitted to a host computer (IBM-PC) for
analysis and plotting. Meter and electrical responses for
Grason-Stadler instruments are shown, with the
simulated admittance change in the bottom tracing of
Figure 6, top panel. Temporal responses of MA1.1 and
MAI1.2 are also shown (Fig. 7). Time course of the
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FIGURE 7

‘Temporal responses of two digital aural acoustic immittance instruments to a simulated change in acoustic admittance of — 0.2 ac. mmbho for 1 s.
Top and boitom panels are for the prototype and commercial versions of the same instrument, respectively. Thin solid lines superimposed on

responses indicate change in simulated admittance.

simulated admittance change is denoted by thin lines
superimposed on all responses.

Temporal responses were quantified using terminology
proposed by Lilly (15). Initial latency (L;), rise time
constant (T,), and rise time (t,) were taken from the onset
of “admittance” change to 10 percent, 63.2 percent, and
90 percent, respectively, of target response. Terminal
latency (L), fall time constant (Ty), and fall time (t;) were
taken from offset of “admittance” change to 90 percent,

36.8 percent, and 10 percent, respectively, of target
response. Horizontal lines mark these measured inter-
vals, with the actual values in ms to the right of each
response. Two additional temporal measures were made
for one instrument (GS1720) which had overshoots and
undershoots greater than 10 percent of target response.
Overshoot time (T,) during onset was taken from 90
percent of target response to recovery to within 110
percent of target response following overshoot. Un-
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FIGURE 8

Immittance‘prcssure function and phase angle change measured by a digital aural acoustic immittance instrument. Amplitude was corrected for
admittance of air in ear canal. Probe tone frequency was 226 Hz and rate of pressure change was 88 daPa’s.

dershoot time (T,) during offset was taken from 10 ; and “electrical” responses for the GS1723’s (Fig. 6).

percent of target response to recovery to within —10
percent of baseline following undershoot.

The wide range of sampling rates utilized for data
collection, from 2 ms/sample (Grason-Stadler) to 35.398
ms/sample (Micro Audiometrics, nsam =32), must be
considered when interpreting the data. For the collection
of GS1720 and GS1723 data (Fig. 6), timers were
adjusted to prestimulus and stimulus intervals within 1
ms and triggered with a push-button switch. Synchroni-
zation of the sample epoch with onset and offset of the
simulated admittance change therefore was determined
by the sample rate of the digital oscilloscope, or +2 ms
for MA1.1 and MA1.2 (Fig. 7). However, synchroniza-
tion of the sampling epoch with admittance change was
adjusted only for an nsam of 4, and thus became poorer
as the nqumber of points averaged (nsam) was increased.
Readjustment of timers for each “nsam” condition would
have improved synchronization without improving accu-
racy, since corrections were directly proportional to
epoch size. As a result, measures of temporal intervals
for these instruments were conservative, being overes-
timated in inverse proportion to sample resolution. The
effect is apparent in the shift to the right of the horizontal
time markers on responses as the sampling resolution
was decreased.

The importance of specifying the point at which
measures were made can be seen by comparing “meter”

The meter response is considerably slower than the
corresponding electrical response. Variations in temporal
response also occurred between the two GS1723 versions
and, to a lesser extent, between individual instruments of
the same version.

Sample rate, rather than measurement point, must be
indicated for MA1.1 and MA1.2 measures, since sample
rate is the primary response determinant (Fig. 7).
Latencies and time constants can be selected by modify-
ing the sample rate, with the practical restrictions
that /) maximum practical sample rate is one sample per
cycle of the probe tone (nsam=4), and 2) total sample
duration is 256 times the sample epoch. For example, if
probe frequency is 226 Hz and nsam is 8, the total
sample duration will be 2.26 seconds. Halving resolution
will double the total sample time and vice versa.

Tympanometry

An admittance tympanogram was recorded with
MAL.1 (226 Hz, 82 dB SPL probe tone) to illustrate
concurrent measurement of magnitude (lower tracing)
and phase (upper tracing) (Fig. 8). The tympanogram was
initiated by lowering air pressure in the ear canal to
—500 daPa and measuring the ear canal admittance
amplitude (Y,..) and phase angle (ang..). These values
were stored in the host computer memory and the
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Contralateral acoustic reflex measured with a digital aural acoustic immittance instrument. Amplitude and phase are in lower and upper
traces, respectively. Probe tone was 226 Hz. Reflex activating signal was 1.0 kHz tone presented at 105 dB SPL for 1 s.
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Temporal measurement paradigm for a contralateral acoustic reflex response (bottom panel) measured with a digital aural acoustic immittance
instrument. First derivative (upper top panel) and second derivative (lower top panel) traces were computed with host-computer software. Probe

tone was 226 Hz.

instrument’s phase and amplitude references were “au-
tozeroed” to reference further measures to initial values.
Traces in Figure 8 are therefore the change in admittance
as a function of ear canal air pressure. (Absolute values
could be plotted by adding the offsets determined by
MAL1.1 to the relative measures.) Pressure was swept

from — 3500 to +400 daPa at a nominal rate of 88 daPa/s,
yielding measurement time of about 10 seconds. Since
phase and amplitude can be obtained from the MA1.1 in
absolute units, admittance tympanograms can be convert-
ed to susceptance, conductance or impedance tympanog-
rams (not shown).
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Acoustic reflex response

Measurement of the contralateral acoustic reflex with
the MAI1.l was preceded by the adjustment of air
pressure in the ear canal to the point producing
maximum admittance. The paradigm also checked air
pressure after reflex response measurement and repeated
the measure when the air pressure changed by more than
+25 daPa. This procedure was adopted to maximize
amplitude of reflex responses and minimize reflex
thresholds. At this stage of development, reflex re-
sponses are subjected to several stages of analysis (26).
(Measurement of the ipsilateral acoustic reflex will be
addressed in a subsequent study.)

A contralateral acoustic reflex response acquired with
the MA1.1 is shown in Figure 9. The reflex activating
signal was a 1.0 kHz pure tone presented at 105 dB SPL
for 1 second. The time course of the signal (thin solid
line) is superimposed on the reflex response (thick solid
line) to illustrate temporal measures. Six temporal
response intervals were specified: /) from signal onset to
start of reflex onset; 2) to end of reflex onset; 3) to signal
offset; 4) to start of reflex offset; 5) to end of reflex offset;
and 6) to end of measurement interval (Fig. 10). The
method used to derive the response intervals in Figure 9
is illustrated in Figure 10. The first step was the
calculation of ongoing first and second derivative func-
tions and location of the first-derivative minimum (dY,
min) and maximum (dY, max) points. A temporal search
then was made within a restricted range around dY, min,
and the minimum point in the second derivative function
preceding dY, min was defined as the onset of the reflex
response. The local maximum in the second derivative
function following dY, min denoted the end of reflex
onset. Beginning and end of reflex offsets were deter-
mined in a similar manner around dY, max.

SUMMARY

- The aural acoustic immittance (AAI) instrument is
used routinely in hearing evaluations by audiologists,
otologists, and other health professionals. Development
of new clinical applications depends greatly on availabili-
ty of AAI instruments with greater capacities. The
solution is a digital AAI instrument programmed by a
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